IGFBP-2 is highly expressed in both the serum and tumor tissues of most cancers, and is considered one of the most significant genes in the signature of major cancers. IGFBP-2 mainly modulates IGF actions in the pericellular space; however, there is considerable evidence to suggest that IGFBP-2 may also act independently of the IGFs. These IGF-independent actions of IGFBP-2 are exerted either via interactions at the cell surface or intracellularly, via interaction with cytoplasmic or nuclear-binding partners. The precise mechanism underlying the intracellular/intranuclear localization of IGFBP-2 remains unclear. In this study, we investigated IGFBP-2 nuclear localization in several common cancer cells with the aim of dissecting the mechanism of its nuclear trafficking. IGFBP-2 is detected in the nuclei of common cancer cells, including breast, prostate and several neuroblastoma cell lines, using cell fractionation and confocal microscopy. Via nuclear import assays, we show that nuclear entry of IGFBP-2 is mediated by the classical nuclear import mechanisms, primarily through importin-a, as demonstrated by the use of blocking, competition and co-immunoprecipitation assays. Bioinformatics analysis of the IGFBP-2 protein sequence with PSORT II identified a classical nuclear localization signal (cNLS) sequence at 179 PKKLRPP 185 , within the IGFBP-2 linker domain, mutagenesis of which abolishes IGFBP-2 nuclear import. Accordingly, the NLS mut IGFBP-2 fails to activate the VEGF promoter, which would otherwise occur in the presence of wild-type IGFBP-2. As a consequence, no activation of angiogenic processes were observed in NLS mut IGFBP-2 expressing SHEP cells when implanted onto our in vivo quail chorio-allantoic membrane model. Taken together, these data show for the first time that IGFBP-2 possesses a functional NLS sequence and that IGFBP-2 actively translocates into the nucleus by a classical nuclear import mechanism, involving formation of IGFBP-2 complexes with importin-a. Nuclear IGFBP-2 is required for the activation of VEGF expression and consequent angiogenesis.
INTRODUCTION IGFBP-2 is the second most abundant circulating IGF-binding protein 1, 2 and one of the most significantly expressed genes in the signature of major tumors, including prostate, 3 breast 4,5 and gliomas. [6] [7] [8] IGFBP-2 is recognized as a valuable prognostic biomarker for many of these cancers. 3, [9] [10] [11] [12] [13] Similarly to other members of the IGFBP family, IGFBP-2 modulates IGF action in the pericellular space.
1,2 However, there is now increasing evidence to suggest that IGFBP-2, like other IGFBPs, 1, 14, 15 has IGF-independent actions that are exerted via cell-surface interactions 1, [16] [17] [18] [19] or intracellularly. 20, 21 We and others have shown perinuclear and nuclear localization of IGFBP-2. [21] [22] [23] [24] Furthermore, we recently demonstrated that intranuclear, but not extracellular, IGFBP-2 leads to the specific activation of VEGF transcription with consequent angiogenesis in vivo. 23 The precise mechanism by which this occurs remains unknown.
In eukaryotic cells, the import of molecules into the nucleus via the nuclear pore complex is a crucial and complex event. 25, 26 The best-characterized nuclear import pathway is mediated by a classical nuclear localization signal sequence (cNLS; monopartite with single cluster of basic amino acids; [27] [28] [29] bipartite with two clusters of basic amino acids 30 ) and the receptors importin-a/ karyopherin-a and importin-b/karyopherin-b. In this pathway, the main determinant of nuclear localization is the presence of an NLS sequence. [31] [32] [33] IGFBP-3, -5 and -6 have been shown to translocate into the nucleus 1, [34] [35] [36] [37] via the classical nuclear import pathway. 37, 38 The C-terminal domains of these IGFBPs contain clusters of basic residues that resemble a bipartite cNLS, which has been shown to be required for nuclear uptake. Whether IGFBP-2 utilizes similar mechanisms for nuclear entry is yet to be determined. The aim of this study was therefore to investigate the mechanism of IGFBP-2 nuclear import. We have extensively examined the nuclear localization of IGFBP-2 in several common cancer cells, including breast, prostate and neuroblastoma. The neuroblastoma cell line lacking endogenous IGFBP-2 (SK-N-SHEP or SHEP) was utilized to characterize the precise nuclear import mechanisms of IGFBP-2.
RESULTS IGFBP-2 is present in the nuclei of common cancer cells MCF-7 (breast), LnCaP (prostate) and SK-N-MC, SH-SY5Y and IMR32 neuroblastoma cell lines were subjected to cell fractionation. The resultant cytoplasmic and nuclear fractions were analyzed by SDS-PAGE/immunoblotting for IGFBP-2, GAPDH as the cytoplasmic marker and Histone H3 as the nuclear marker. A specific band at 32 kDa was identified by immunoblotting as intracellular IGFBP-2, in whole cell lysates from MCF-7 and LnCAP cells (Figure 1a) . A 32 kDa band was also detected in the cytoplasmic and nuclear fractions of all cancer cell lines analyzed (Figure 1b) . The majority of intracellular IGFBP-2 was localized to the cytoplasm, while only a small portion was intranuclear. Owing to the nuclear fractions requiring longer film exposure, Figure 1b is only indicative of the presence or absence of IGFBP-2 in each fraction, not their relative quantities.
The subcellular localization of endogenous IGFBP-2 in MCF-7 and LnCaP cells was demonstrated by immunofluorescence, as shown in Figure 1c . Consistent with the cell fractionation data, IGFBP-2 was detected throughout the cell, and in the cytoplasm and nuclei (merged IGFBP-2 and 4 0 6-diamidino-2-phenylindole staining) of both cell lines. Normal IgGs, used as the negative control, confirmed anti-IGFBP-2 antibody specificity. To confirm that intranuclear staining was due to nuclear and not cell membrane-bound IGFBP-2, three-dimensinal confocal analysis of IGFBP-2 immunofluorescence was carried out (see also Supplementary Figures S1A and S1B).
IGFBP-2 is imported into the nucleus via a classic nuclear import pathway To determine whether IGFBP-2 enters the nuclear compartment via diffusion or through an active transport mechanism, we used an in vitro transport assay that we have previously described for IGFBP-2. 23 As shown in Figure 2 , digitonin-permeabilized neuroblastoma SHEP cells (which do not express any IGFBPs) were exposed to IGFBP-2 under different conditions. The subcellular localization of IGFBP-2 was detected by immunofluorescence and analyzed by laser scanning confocal microscopy. IGFBP-2 nuclear import assays were carried out in the presence of both ATP (an energy generating system) and RRL (rabbit reticulocyte lysate, containing cytosolic factors and carriers), as shown in Figure 2a , and in the absence of ATP (Figure 2b ) or RRL (Figure 2c ). In comparison with the control, the absence of ATP or RRL resulted in no nuclear uptake of IGFBP-2, suggesting that nuclear import of IGFBP-2 is an energy-dependent process, and requires the presence of cytosolic factors/carriers. As nuclear import of IGFBP-3, -5 and -6 37, 38 has been shown to require importin-b and/or importin-a, we therefore utilized specific antibodies for importin-a and -b to examine their role in IGFBP-2 nuclear import. To immuno-deplete importin-a, RRL (a source of importin-a) was pre-incubated with the antiimportin-a antibody. To immuno-deplete importin-b, digitoninpermeabilized cells were pre-incubated with anti-importin-b, in the absence of RRL, before carrying out the import assay for IGFBP-2. Similar to the anti-importin-b blocking antibody, [39] [40] [41] anti-importin-a produced an inhibitory effect on IGFBP-2 nuclear import. As shown in Figure 2d , in the presence of anti-importin-a, and to a lesser extent in the presence of antiimportin-b (Figure 2e ), we observed a significant reduction in nuclear accumulation of IGFBP-2. These data indicate that importin-a and, by inference, the importin-a/-b heterodimer have important roles in the nuclear import of IGFBP-2. As it is known that the nuclear import of IGFBP-3 is mediated mainly through importin-b and not importin-a, the same antibodies were also used to block the nuclear import of IGFBP-3. As previously shown by Schedlich et al., 37 blocking importin-b led to inhibition of IGFBP-3 nuclear import, while blocking importin-a had no significant effect (see also Supplementary Figure S2 ). The differential effects of these antibodies on IGFBP-2 and IGFBP-3 nuclear transport support the specificity of these antibodies as blocking reagents, and indicate that nuclear import of IGFBP-2 and -3 do not follow the same mechanisms. Inclusion of normal IgG in the transport buffer confirmed that the inhibition of nuclear import of either IGFBP-2 or IGFBP-3 were specific blocking effects of the importin-a and -b antibodies, respectively (see also Supplementary Figure S3 ).
IGFBP-2 possesses a putative cNLS in the linker domain IGFBPs translocate into the nucleus via nuclear import mechanisms involving the presence of a functional NLS sequence. 36, 38 Sequence alignments of the corresponding residues in IGFBP-2 to the NLS sequences in IGFBP-3, -5 and -6 reveals no similar NLS in IGFBP-2. However, when the IGFBP-2 amino-acid sequence was analyzed by the program PSORT II 42 (Table 1) , one putative NLS sequence was instead identified in the linker region of human IGFBP-2 at 179 P-K-K-L-R-PP 185 . This sequence overlaps exactly with that of our previously described IGFBP-2 heparin-binding domain (HBD), 54 as shown in Figure 3a . A similar overlap between the HBD and the NLS sequence, although not in the linker region, has been reported for both IGFBP-3 and IGFBP-5. 52, 53, 55, 56 The putative IGFBP-2 cNLS sequence contains a single cluster of basic amino-acid residues similar to other nuclear proteins (Table 1) possessing a classical monopartite NLS sequence (cNLS; X-K-K/R-X-K/R-X). 52, 53 As shown in Figure 3b , sequence alignment of this putative IGFBP-2 NLS sequence shows a high degree of conservation across its orthologues. This implies the functional importance of the IGFBP-2 NLS sequence, and its consequent nuclear actions.
IGFBP-2 nuclear import is primarily mediated by importin-a To demonstrate the presence of potential IGFBP-2/importin-a or -b interactions, a series of immunoprecipitation (IP) experiments were carried out using anti-IGFBP-2, importin-a and importin-b on cell extracts from SHEP stable clones and SHEP cells overexpressing wild-type IGFBP-2 (SHEP-Wt-IGFBP-2). Specific bands for IGFBP-2 were detected only in whole cell extract from SHEPWt-IGFBP-2 cells and not SHEP cells (Figure 4a ).
Following IP with anti-importin-a and -b in SHEP-Wt-IGFBP-2, an immunoreactive band for IGFBP-2 was detected at 32 kDa only with anti-importin-a (Figure 4b; Supplementary Figure S4) . The fact that importin-a was able to pull down IGFBP-2 suggests that importin-a may interact with IGFBP-2, potentially forming a complex. In contrast, no bands for IGFBP-2 were detected Figure S4 ). These data are consistent with that shown by structural studies demonstrating that cNLS sequences are mainly recognized by the nuclear import receptor importin-a. These results are consistent with the above nuclear import assays, where we showed that IGFBP-2 nuclear uptake was significantly inhibited by immuno-depleting importin-a from the RRL system, while immuno-depletion of importin-b had no effect on nuclear import of IGFBP-2. No bands for IGFBP-2 were detected in any of the IPs performed on non-IGFBP-2-expressing SHEP cells.
We also carried out IP experiments on cell extracts from stable clones of SHEP cells overexpressing the NLS mut IGFBP-2 (SHEP-NLS mut IGFBP-2), to demonstrate the requirement of the IGFBP-2 NLS sequence for specific interaction with importin-a. In contrast to Wt-IGFBP-2, the NLS mut IGFBP-2 did not bind to importin-a as shown in Figure 4d . This was not surprising because the NLS sequence of IGFBP-2 was mutated by substituting two key amino acids previously shown to be crucial for ablation of NLS and importin-a interactions in other systems. 57 IGFBP-2 contains an active/functional monopartite cNLS sequence To determine the contribution of the cNLS sequence to the nuclear import of the IGFBP-2 protein, we used the mutant NLS mut IGFBP-2, in which the key residues 179 PKKLRPP 185, known to be critical in monopartite cNLS sequences, were mutated to 179 PNNLAPP 185 . As mentioned above, we had previously generated and completely characterized this mutant form of IGFBP-2 as HBD mut -IGFBP-2. 54 We have thus utilized the HBD mut -IGFBP-2, but renamed it NLS mut IGFBP-2, for consistency and relevance to these studies. As shown in Figure 5 , the stable clones for SHEP-IGFBP-2 (wild type) and SHEP-NLS mut BP-2 were closely matched for IGFBP-2 mRNA expression ( Figure 5b ) and protein levels ( Figure 5c ). We have also shown that by introducing these mutations, the binding affinity of IGFBP-2 for IGFI and IGFII is not significantly altered. Figure 5d , also showed similar band intensities. Furthermore, IGF-affinity chromatography was used to purify our native and mutant form of IGFBP-2 ( Figure 5e ). All the commercial anti-hIGFBP-2 used in these studies recognized the NLS mut IGFBP-2 and Wt-IGFBP-2 specifically and to the same degree (Figure 5f ), as we have also shown previously. 54 To determine the effect of the NLS mutation on IGFBP-2 nuclear localization, whole cell lysates from SHEP-pCMV (control), SHEP-IGFBP-2 and SHEP-NLS mut IGFBP-2 were subjected to cell fractionation (Figure 6a) . A 32 kDa band for IGFBP-2 was present in the cytoplasmic fractions of SHEP-IGFBP-2 and SHEP-NLS mut BP-2 cell lines, while IGFBP-2 was only detected within the nuclear fraction of the SHEP-IGFBP-2 cells and not in the SHEP-NLS mut BP-2 cells (Figure 6a ). Immunofluoresence for IGFBP-2 in these stable clones showed that IGFBP-2 was primarily present in the cytoplasm and only a small fraction detected intranuclear (Figure 6b ). In contrast, NLS mut IGFBP-2 was only present in the cytoplasm and the perinucleus, and absent from the nucleus. Abbreviations: BRMS1, breast cancer metastasis suppressor; c-Jun, cellular Jun; c-myc, oncongenic transcription factor; NLS, nuclear localization signal; v-Jun, viral version of Jun.
a SV40 large T antigen is a hexamer protein that is a proto-oncogene; Polyoma virus large T antigen is a nuclear phosphoprotein that helps to regulate viral replication and gene expression; the Jun protein is a member of the AP-1 transcription factor family. BRMS1 is a member of a metastasis suppressor family; Ku80 is a subunit of Ku antigen complex (Ku70/Ku80) involved in DNA repair.
IGFBP-2 nuclear import is mediated by a cNLS and is a saturable process To confirm at the cellular level the inability of NLS mut IGFBP-2 to translocate into the nucleus, we carried out nuclear import assays using affinity-purified NLS mut IGFBP-2 protein under the same conditions as for Wt-IGFBP-2 ( Figure 2a ). Wt-IGFBP-2 was imported into the nucleus (Figure 7a ), while NLS mut IGFBP-2 accumulated in the perinucleus. These results were consistent with the cell fractionation and immunofluorescence studies of IGFBP-2 in SHEP-NLS mut BP-2 cells (Figure 6 ). To further investigate the requirement of the IGFBP-2 NLS sequence for its nuclear transport, IGFBP-2-derived peptides containing the wild-type NLS (W-NLS) (KHHLGLEEPKKLRPPPAR) or the mutated NLS sequence (NHHLGLEEPNNLAPPPAA) were employed to inhibit Wt-IGFBP-2 interaction with its nuclear transporter. IGFBP-2 nuclear entry was blunted in the presence of W-NLS peptide in 100-fold molar excess, but not by the same concentration of a mutated NLS peptide (Figure 7b) . Collectively, these results demonstrate that the IGFBP-2 NLS sequence is required for targeting IGFBP-2 into the nucleus and that the IGFBP-2 nuclear import pathway, similar to that of other IGFBPs, is a saturable process.
NLS mut IGFBP-2 lacks the intranuclear functions of IGFBP-2 To determine whether the absence of nuclear IGFBP-2, as seen with the NLS mut IGFBP-2, has functional consequences, we investigated VEGF transcriptional regulation in our stable clones overexpressing Wt-IGFBP-2 or NLS mut IGFBP-2. VEGF mRNA was only upregulated in SHEP-Wt-IGFBP-2 and not in SHEP-NLS mut IGFBP-2 cells (Figure 8a) , suggesting that intranuclear IGFBP-2 is required for activation of VEGF transcription. We further investigated this by transfection of a VEGF-promoter Luciferase construct 23, 55 into SHEP cells stably overexpressing either Wt-IGFBP-2, NLS mut IGFBP-2 or the empty vector pCMV. Consistent with the mRNA data, the transcriptional activation of the VEGF promoter was enhanced only in SHEP-Wt-IGFBP-2 cells and not in SHEP-NLS mut IGFBP-2 ( Figure 8b ). Figure 5 ), but was not detected in these same cell extracts immunoprecipitated with antiimportin-a. No immunoreactive bands were detected with the IgGnegative control. Purified IGFBP-2 (10 ng) was also included as a control for anti-IGFBP-2 antibody specificity. Input, whole cell extract; unbound, post-IP material and bound, pull-down proteins/ complexes by specific antibodies.
To demonstrate that upregulation of VEGF mRNA was mediated by intranuclear IGFBP-2, SHEP cells were transfected with the VEGF-promoter Luciferase construct in the presence or absence of Wt-IGFBP-2 or NLS mut IGFBP-2 protein, with or without the intracellular protein delivery reagent (TA) Chariot (Figure 8c ). While VEGF promoter activity was enhanced in the presence of Wt-IGFBP-2 þ TA (Figure 8c ), no enhancement of the VEGF promoter was observed with NLS mut IGFBP-2 þ TA. Consistent with these findings, no luciferase activity was observed in the absence of TA (that is, the protein remains in the extracellular/pericellular space) in both Wt-IGFBP-2 and NLS mut IGFBP-2, suggesting that the activation of the VEGF gene promoter is independent of any pericellular/cell-surface action of IGFBP-2, but requires intranuclear IGFBP-2. We also carried out a set of luciferase assays using VEGF promoter deletion constructs (Figure 8d ) and confirmed that IGFBP-2-mediated activation of the VEGF promoter (VEGF-2.6) was lost with the VEGF-0.35 and VEGF-0.2 constructs, and partially reduced with the VEGF-1.5 construct. In contrast, none of the constructs showed NLS mut IGFBP-2 activation of luciferase activity, suggesting that nuclear IGFBP-2 is a key for transcriptional activation of VEGF.
NLS mut IGFBP-2 fails to induce angiogenesis in vivo
To assess whether overexpression of the NLS mut IGFBP-2 in SHEP cells elicits angiogenic activity in vivo, we employed the blood vessel network of the quail embryo chorio-allantoic membrane (CAM) assay, as previously described. 23 Consistent with our VEGF promoter luciferase assays and VEGF mRNA data, microneovascularization was clearly visible around and engulfing (red arrows in the enlargement of Figure 9 ) the implanted (black arrow) three-dimensinal SHEP-WT-IGFBP-2 cell cultures. No angiogenesis was seen in the implanted three-dimensinal SHEP-NLSmut-IGFBP-2 cell cultures (enlargement of Figure 9 ) or in the control threedimensinal SHEP-pCMV cell implants. These findings provide further evidence for a role of nuclear IGFBP-2 in transcriptional activation of the VEGF gene and subsequently in angiogenesis.
DISCUSSION
Beyond its canonical IGF-dependent functions, IGFBP-2 exerts IGFindependent actions through interactions with the extracellular matrix, cell surface 12, 19, 54, 58 or other putative receptors. 1, 56, 59 However, there is now increasing evidence to suggest that IGFBPs, including IGFBP-2, have intranuclear actions. Our studies demonstrate intranuclear localization of IGFBP-2, and for the first time, its mediation through a classical nuclear import pathway. We have identified and characterized a functional cNLS sequence in IGFBP-2 and shown that lack of nuclear translocation of IGFBP-2 prevents its pro-tumorigenic actions. We speculate that a novel mechanism of action for IGFBP-2 is via intranuclear actions, presumably via an IGF-independent pathway. Our data confirm that IGFBP-2 localizes to the nucleus in common cancer cells, as suggested in previous studies. [20] [21] [22] 24 The first report of intranuclear IGFBP-2 was in oxidant-exposed lung epithelial cells. 22 IGFBP-2 transgenic mice demonstrated perinuclear IGFBP-2 in several tissues, 24 while nuclear IGFBP-2 was seen in mouse lung epithelial cells (MLE-12), human prostate cancer (LnCap) cells 20, 21 and human neuroblastoma (SK-N-SHEP). 23 However, the precise mechanism by which IGFBP-2 translocates into the nucleus remains elusive. Proteins under 40-60 kDa can passively diffuse through nuclear pores; however, most proteins with nuclear functions use active carrier-mediated transport pathways. Although at 32 kDa, IGFBP-2 could theoretically enter the nucleus passively, by in vitro nuclear import assays we demonstrate that IGFBP-2 translocation into the nucleus is an active process, as shown for other proteins of a comparable molecular size. 36, 38, 46, 56, 57, [60] [61] [62] Furthermore, NLS mut IGFBP-2, having an identical molecular size to that of wildtype IGFBP-2, did not enter the nucleus under any of the conditions examined, suggesting that the cNLS is necessary for its nuclear translocation. Similar to other IGFBPs, we have shown that a peptide spanning the NLS region prevented IGFBP-2 nuclear uptake, indicating that the mechanism involved is a specific and saturable process. Given recent insights into specific intranuclear actions of IGFBP-2, it is not surprising that IGFBP-2 nuclear import is mediated by an active and highly regulated pathway.
We also investigated the role of cytosolic receptor molecules, importin-a and -b, in the nuclear import of IGFBP-2. The classical nuclear import pathway comprises the adaptor molecule importin-a, which mediates the interaction between the cargo molecule and the transport carrier importin-b. 63, 64 Importin-a recognizes cytosolic cargo by binding the cNLS sequence and shuttles through the nuclear pore in a complex with importin-b. However, some cargo proteins bypass the requirement for an adapter and bind directly to importin-b. 47, 65, 66 Our nuclear import assays, with the inclusion of antibodies for importin-a and -b, suggest that importin-a is more likely to mediate the nuclear uptake of IGFBP-2. This is consistent with other nuclear proteins containing similar monopartite cNLS sequences. Furthermore, our IP experiments suggest that importin-a recognizes the cNLS sequence of IGFBP-2, potentially mediating its nuclear uptake. This is in alignment with the fact that most proteins with a monopartite NLS sequence are recognized by importin-a and form a complex through the NLS-binding site. Our in vitro import data thus strongly indicate that importin-a mediates IGFBP-2 nuclear import. In order to definitively demonstrate this interaction, however, it would be necessary to complement our in vitro assay data with data showing that the direct interaction between IGFBP-2 and importin-a is disrupted upon addition of RanGTP. 67 Several members of the IGFBP family have been shown to translocate into the nucleus via the classical nuclear import pathway, using a bipartite nuclear localization sequence. 36, 38 In contrast, IGFBP-2 possesses a monopartite NLS sequence within the basic motif located in the linker domain, a region mainly associated with binding to the cell surface/extracellular matrix, 54, 68 and we have now shown that it is also required for the nuclear uptake of IGFBP-2. Interestingly, the NLS sequence of IGFBP-3 is also located in the basic motif known to be involved in binding to the cell surface/ extracellular matrix 36 and other proteins, [69] [70] [71] [72] [73] [74] thus reflecting the multifunctional significance of these domains across different IGFBPs. The conservation of this putative NLS sequence among IGFBP-2 orthologues suggests that this sequence has a critical role in IGFBP-2 nuclear translocation. We have tested this hypothesis by utilizing our previously described HBD mut IGFBP-2, which overlaps with the NLS sequence and provides us with a useful tool to examine IGFBP-2 nuclear import. Our findings are consistent with those reported by others, in which corresponding residues of the classical monopartite NLS sequence were similarly mutated, and consequently affected the nuclear activity of proteins, including SV40 Tag, 36, 75, 76 Polyomavirus large T, 43 c-myc, 44 Ku80 44 and FGF-1.
77,78
Furthermore, we examined whether lack of intranuclear localization of IGFBP-2 had any functional consequences. Protumorigenic actions of IGFBP-2 were completely abolished by Nuclear translocation and actions of IGFBP-2 WJ Azar et al mutation of the NLS sequence, as evidenced in our NLS mut IGFBP-2. As we have recently demonstrated, nuclear IGFBP-2 is required for activation of angiogenic processes in neuroblastoma cells. In these studies, we demonstrate that VEGF expression was not enhanced in cells overexpressing NLS mut IGFBP-2, and we did not observe the occurrence of angiogenic processes. We also demonstrated that nuclear IGFBP-2 directly regulates VEGF expression, as suggested by the specific and selective activation of VEGF promoter deletion constructs by IGFBP-2. These data raise the possibility that IGFBP-2 could potentially act as a transcription factor. In order to definitively determine such a role for IGFBP-2, further experiments such as chromatin immunoprecipitation assays would be required.
In conclusion, we have shown that IGFBP-2 translocates into the nuclei of common cancer cells, an event mediated by a monopartite cNLS motif. In the nucleus, IGFBP-2 may bind directly to DNA and act as a transcription factor regulating the expression of tumorigenic genes, as we have recently reported. 23 Alternatively, the action of nuclear IGFBP-2 may be exerted indirectly through interactions with other nuclear proteins, and these events might potentially lead to intracellular/intranuclear modulation of processes, such as gene expression and cell cycle.
Whether nuclear IGFBP-2 derives from the secreted extracellular pool of IGFBP-2, which has re-entered the cell (autocrine), or derives from the intracellular pool of synthesized IGFBP-2 via an intracrine mechanism 77, 78 is not clear and requires further investigation. Thus, despite current uncertainties regarding the origins of nuclear IGFBP-2, understanding the events that lead to its nuclear localization has provided insights into its role and the mechanisms behind its activation of processes involved in the promotion of tumorigenesis.
MATERIALS AND METHODS

Cell culture
The neuroblastoma SK-N-SHEP (SHEP) cell line and the stable clones SHEPpCMV, SHEP-Wt-IGFBP-2 and SHEP-NLS mut IGFBP-2 (SHEP-HBD mut IGFBP-2) were obtained as previously described. 54 These cells were grown in 10% fetal calf serum/DMEM (Trace Biosciences, Castle Hill, NSW, Australia) or serum-free DMEM as indicated. Cells were cultured in the presence of neomycin (G-418 at 350 mg/ml, Gibco, Life Technologies Australia Pty Ltd, Mulgrave, VIC, Australia). 23 Prediction of IGFBP-2 NLS sequence and multiple sequence alignment
The IGFBP-2 amino-acid sequence was analyzed using the bioinformatics program PSORT II (http://psort.nibb.ac.jp/form2.html) to detect potential NLS sequences. 42 Multiple sequence alignment was carried out using ClustalX2 on the following accession sequences: Mus musculus, AAB60709; Bs Taurus, NP_776980.1, Sus scrofa, NP_999168.1; Homo sapians, NP_000588.2; Ovis aries, AAB23135.1, Rattus norvegicus, NP_037254.2; Gallus gallus, NP_990690.1 and Danio rerio, AAH56331.1.
NLS mut IGFBP-2 mutagenesis and characterization
The mutagenesis strategy for the NLS domain of IGFBP-2 is identical to what we have previously described for the mutagenesis of the HBD sequence of IGFBP-2. 54 However, we have renamed HBD mut -IGFBP-2 to NLS mut IGFBP-2 for relevance to these studies. WT or NLS mut IGFBP-2 in cellconditioned medium was detected by western ligand blotting (WLB) using 125 I-IGF-I and immunoblotting. Native or NLS mutant IGFBP-2 was purified with IGF-I affinity chromatography and analyzed by silver staining, WLB ( 125 I-IGF-I) and immunoblotting. Binding affinity for WT or NLS mut IGFBP-2 for either IGF-I or -II was determined as previously described. 54 Nuclear transport assay Nuclear transport assays with purified IGFBP-2 or NLS mut IGFBP-2 protein were carried out on SHEP cells as previously described. 23 Transport assays were also carried out in the presence of anti-importin-a or -b (PA1-5811 and MA3-070; Thermo Scientific, Scoresby, VIC, Australia) and in the presence or absence of rabbit-reticulocyte-lysate (RRL), respectively, to examine their roles in IGFBP-2 nuclear import. To further demonstrate the specificity of the NLS sequence for IGFBP-2 interaction with importins, peptides containing the WT NLS (W-NLS; KHHLGLEEPKKLRPPPAR) or the mutated NLS sequence (NLS-mut; NHHLGLEEPNNLAPPPAA) (Mimotopes Pty. Ltd., Melbourne, VIC, Australia) were used at concentrations of 10-fold and 100-fold molar excess of full-length IGFBP-2, to compete with IGFBP-2 interaction with importins. Transport assays were stopped by washing with cold phosphate-buffered saline and the subcellular localization of IGFBP-2 was determined using immunofluorescence, as previously described, 79 using the following antibodies: anti-IGFBP-2 and IGFBP-3 (1:200; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-goat Fluoro 488 (1:500; Molecular Probes, Bleiswijk, Netherlands) or Alexa Fluor 568 phalloidin (1:500; Life Technologies Australia Pty Ltd, Melbourne, VIC, Australia) followed by 4 0 6-diamidino-2-phenylindole (1:5000; Chemicon, Temecula, CA, USA) staining for 20 min. Omission of the primary antibody or mouse IgG formed the negative controls. Nuclear transport assays for IGFBP-3 (ref. 36) were also carried out simultaneously under the various conditions, forming the positive controls. Microscopy was performed on a Leica TCS SP2 SE Laser Scanning Confocal Microscope with dual-and triple-channel detection optics (Leica Microsystems, North Ryde, NSW, Australia). To acquire an image of the emission from each fluorophore, the sections were analyzed with appropriate filters using single or simultaneous excitation at 488 nm (fluorescein isothiocyanate), 594 nm (Texas red) or 405 nm (4 0 6-diamidino-2-phenylindole). Images were collected under identical nonsaturated conditions after multiple scans, averaging 10-12 sections per cell. Sections were sequentially scanned to ensure that any observed coexpression was not owing to overlap of excitation, nor emission spectra of fluorophores. Images were collected and analyzed using Leica LCS Lite software.
Cell fractionation, SDS-PAGE, Immunoblotting and IP For isolation of cytoplasmic and nuclear fractions, cells were treated and immunoblotting performed (n ¼ 3) as previously described. 23 Immunoprecipitation. Following cell pellet extraction from SHEP-Wt-IGFBP-2, SHEP-NLS mut IGFBP-2 and SHEP cells with IP buffer (Tris 100 mM, ethylenediaminetetraacetic acid 5 mM, NaCl 150 mM, 0.1% bovine serum albumin with 1% sodium deoxycholate, 1% Triton X-100 and protease inhibitors), 80 ml of prewashed 25% protein G-Sepharose suspension was added to each sample and incubated for 2 h at 4 1C, followed by centrifugation at 5000 r.p.m. for 10 min at 4 1C. The supernatant was transferred to fresh tubes and anti-IGFBP-2 (SC-6001, C-18) or antiimportin-a/b were added to a final dilution of 1:100, after addition of 100 ml of fresh 25% protein G-Sepharose suspension, and incubated overnight at 4 1C with gentle agitation. Samples were centrifuged as above and washed three times with cold IP buffer before separation with 3-15% SDS-PAGE, followed by immunoblotting with anti-IGFBP-2. Purified IGFBP-2 and IgG IP were included as positive and negative controls, respectively.
IGFBP-2 protein transfection
SHEP cells (0.3 Â 10 6 ) were seeded in 6-well tissue culture plates with DMEM containing 10% fetal calf serum. When cells reached 40-50% confluency, the media were aspirated and cells washed once with phosphate-buffered saline. Purified IGFBP-2 or NLS mut IGFBP-2 (500 ng) was resuspended in sterile Dulbecco-phosphate-buffered saline (100 ml) and mixed 1:1 with the diluted (1/16) Chariot reagent (Active Motif, Carlsbad, CA, USA) before addition to the cell monolayer. Cells were incubated in serum-free medium at 37 1C in a humidified atmosphere containing 5% CO 2 for 24 h, as per the manufacturer's specifications.
VEGF-promoter luciferase constructs and reporter assays
The luciferase reporter plasmids driven by a 2326 bp human VEGF promoter construct 55 or the 1.5 kb, 0.35 kb and 0.2 kb deletion constructs 55 and a Renilla Luciferase control vector (pRL-TK; Promega, Alexandria, NSW, Australia) were used in this study as previously described. 23 
In vivo angiogenesis-quail embryo CAMassay
This was essentially performed as we previously described. 23 Nuclear translocation and actions of IGFBP-2 WJ Azar et al
Total RNA extraction, RT-PCR and quantitative PCR Cells were grown as above and total RNA extracted and processed using the RNeasy Minikit (Qiagen, Valencia, CA, USA) and the RNase-free DNase kit (Ambion, Austin, TX, USA).
RT-PCR. All reverse transcription and PCR reactions were performed using the GeneAmp PCR Core kit (Applied Biosystems, Life Technologies Australia Pty Ltd, Mulgrave, VIC, Australia) as previously described. Genespecific primers that were analyzed include GAPDH 5 0 -CCATGGCACCGT-CAAGGCTGA-3 0 , 5 0 GGGCCATCCACAGTCTTCTGG-3 0 and VEGF 5 0 -AGGAG-GAGGGCAGAATCATCA-3 0 , 5 0 -ctcgattggatggcagtagct-3 0 (Sigma Chemical Co., St Louis, MO, USA).
Statistical analysis
RT-PCR experiments were performed three times on complementary DNA from three independent experiments. Luciferase assays were performed three times and readings were normalized to the empty vector pGL4.10. Data were analyzed by GraphPad (La Jolla, CA, USA) PRISM-5 software using t-test and/or one-way analysis of variance, with the data presented as mean ± s.e.m. or s.d. of three independent experiments.
